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ABSTRACT 
Gaining access to the cell interior is fundamental for many applications, such as electrical 
recording, drug and biomolecular delivery. A very promising technique consists of culturing cells 
on nano/micro pillars. The tight adhesion and high local deformation of cells in contact with 
nanostructures can promote the permeabilization of lipids at the plasma membrane, providing 
access to the internal compartment. However, there is still much experimental controversy 
regarding when and how the intracellular environment is targeted and the role of the geometry and 
interactions with surfaces. Consequently, we investigated, by coarse-grained molecular dynamics 
simulations of the cell membrane, the mechanical properties of the lipid bilayer under high strain 
and bending conditions. We found out that a high curvature of the lipid bilayer dramatically lowers 
the traction force necessary to achieve membrane rupture. Afterwards, we experimentally studied 
the permeabilization rate of cell membrane by pillars with comparable aspect ratios but different 
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sharpness values at the edges. The experimental data support the simulation results: even pillars 
with diameters in the micron range may cause local membrane disruption when their edges are 
sufficiently sharp. Therefore, the permeabilization likelihood is connected to the local geometric 
features of the pillars rather than diameter or aspect ratio. The present study can also provide 
significant contributions to the design of 3D biointerfaces for tissue engineering and cellular 
growth. 
INTRODUCTION 
Direct access to the intracellular compartment is an open challenge [1] with many potential 
applications, such as gene transfection [2, 3], biomolecule delivery [4], and electrical recording in 
electroactive cells [5]. The main difficulties are related to the impermeability of the plasma 
membrane, which, after a billion years of evolutionary defenses, strictly controls the trafficking in 
and out of the cell. The most popular methods for intracellular delivery are electroporation [6], 
chemical transfection, and virus-mediated transduction, although novel methods have been 
considered recently [7, 8, 9, 10]. Among them, local membrane permeabilization through vertical 
nanopillars or other 3D nanostructures is emerging as a robust approach [11, 12, 13, 14, 15, 16, 
17]. Essentially, the concept relies on arrays of vertical standing nanostructures in a fakir bed-like 
configuration. When cells are cultured on these arrays, the plasma membrane exhibits tight 
adhesion to the pillars or even engulfment-like events [18]. These processes often lead to a 
spontaneous increase in membrane permeability [19] that can be used to deliver molecules into the 
cytosol by bypassing the conventional biochemical pathways or to record intracellular electrical 
activity via the enhanced electrical coupling between the conductive pillar and the cell [5]. In 
general, there is a wide interest in designing novel 3D bio-interfaces for tissue engineering and 
cellular growth [20] to investigate how cells interact and proliferate onto these types of geometries 
[21, 22] and which structures improve the cell viability [23]. However, the exact mechanism 
enabling local permeabilization is still not fully understood, and many controversies still exist. 
Recent studies suggested that the internalization of molecules is not due to the temporary 
disruption of the plasma membrane in contact with the 3D nanostructures but is instead driven by 
membrane deformation [24] or enhancement of the clathrin-mediated endocytosis process of the 
cell at the interface with sharp edges [25]. On the contrary, a previous study, developing a simple 
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but effective mechanical continuum model of elastic cell membranes [26], ascribes such complex 
behaviors to actual penetration of the plasma membrane. In that work, two main mechanisms at 
the interface are considered, namely “impaling”, where cells land on a bed of nanowires, and 
“adhesion-mediated” permeabilization, which occurs as cells spread on the substrate and generate 
adhesion force. In the former, the force leading to the membrane disruption is gravity, whereas in 
the latter mechanism, this force is the adhesion-force provided by membrane proteins. In both 
cases, membrane permeabilization occurs when the nanopillar generates sufficient tension to 
overcome a critical membrane tension value. However, the pillar is modeled as a cylindrical probe 
with a hemispherical tip, and the effect of local geometry (e.g., the sharpness of pillar edge) is not 
taken into account. Hence, only the diameter, the height and the spacing between the pillars 
determine the penetration forces for a cell line of a given stiffness. This approach may explain the 
experimental reports of spontaneous poration observed in vertical nanostructures of small 
diameters on the order of 50-200 nm [27, 28, 29] or below. Indeed, as we will subsequently show, 
we found experimentally that spontaneous permeabilization may occur even for much larger pillar 
diameters of approximately 2 µm. Such a finding is also confirmed by another study that recently 
reported spontaneous membrane disruption by pillars of 1 µm in diameter, even in absence of 
adhesion with the substrate [30]; hence, the models mentioned above cannot fully explain the 
membrane permeabilization. In other words, the reasons why these large nanopillars can 
effectively permeabilize the membrane are still unclear, thus demanding a more complex scenario 
that includes not just gravity and adhesion but also traction forces, membrane deformations 
(bending) and local geometric features (sharp edges on the pillars). Obviously, biological 
mechanisms and surface properties also participate in the increase in cell internalization processes, 
but the present mechanical model will not take them into account. 
Molecular dynamics simulation is a powerful tool that may elucidate the behavior of these systems. 
However, to the best of our knowledge, there are still few molecular dynamics studies investigating 
the mechanical properties of a membrane when in contact with a nanostructure [31]. Furthermore, 
most molecular dynamics studies tackle the problem only in the regime of small bending 
deformations [32, 33, 34], which is not applicable for this case of study.   
In this work, we first undertake molecular dynamics simulations in synergic combination with a 
mechanical model of the cell membrane that goes beyond the linear response approximation. We 
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found that the bending of the membrane is characterized by an elastic regime at low bending 
angles, followed by a plastic one at higher angles. 
We also included the local geometry of the pillar by investigating the role of curvature or edges at 
the pillar tip (different from the pillar diameter), and we found that a high curvature favors the 
rupture even at very low tensile strength.  
Afterwards, we show that simulation results are supported by experimental data suggesting that 
when cells are cultured on pillars with diameters in the micrometric range, their permeabilization 
likelihood is strongly increased in the presence of sharp edges. We conclude that, under the 
given conditions, the local curvature may dramatically affect the lipid bilayer permeabilization to 
a greater extent than the effect of the pillar diameter.  
  
 
Figure 1. SEM images showing a FIB cross sections of a cell cultured on an array of 2µm diameter 
nanopillars. The samples were fixed and stained following a recently developed ROTO protocol (see S2 for 
more details) and embedded in a thin film of epoxy resin. The cell membrane (indicated by red arrows) can 
assume a “tent-like” configuration (!) or be tightly wrapped around the pillars ("). c) Adhesion-induced 
F
F
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F
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mechanism of permeabilization. d) Traction-induced mechanism of permeabilization. Inset: the membrane’s 
bending is dictated by the local radius of curvature rather than by the nanopillar diameter. 
RESULTS AND DISCUSSION 
Figure 1 shows a SEM/FIB cross-sectional image of cell cultured on nanopillars with a diameter 
of 2 µm and height of 1.5 µm, obtained by using a technique explained elsewhere [35]. This image 
displays possible configurations of the cell/nanostructure interface, and highlights the proximity 
of the cell membrane to the pillars: the cell can tightly wrap around the 3D pillar (b) or assume a 
“tent-like” configuration (a). In both cases, the cell membrane conforms to the pillar’s head 
geometry, where we assume most of tensile strength is concentrated, via adhesion with the 
substrate and forces exerted through the cell body. Therefore, the membrane curvature is dictated 
by the pillar’s edge. Furthermore, the forces acting on the membrane can be oriented in any 
direction depending on the local configuration of the system, as sketched in panels c) and d) of 
Figure 1. Traction and bending cannot be considered separately, and they may cooperate to lower 
the threshold for local permeabilization or nanopore creation. For instance, when the traction force 
is mainly directed laterally (parallel to the substrate), the pillar may behave like a knife edge, 
meaning that only the size of the edge matters and the diameter plays a minor role. 
Simulation model. We used a 2D coarse-grained model of the cell membrane in which the lipid 
molecule is made of a hydrophilic Lennard-Jones (L-J) particle (the head) and a hydrophobic tail 
made of five L-J beads (Figure 2b). We included an additional harmonic interaction between the 
L-J beads of the tail. The water is simulated as a single L-J bead [36]. First, we tested the validity 
of our system by simulating free lipid molecules randomly dispersed in water and checking that 
the lipids undergo a self-assembly process that leads to the formation of the lipid membrane. As 
expected, under the conditions we used, a bilayer is formed spontaneously with the hydrophilic 
heads pointing toward water and the tails clustering together, minimizing their interaction with 
water (see S3). The average distance between hydrophilic heads is on the order of experimental 
values [37] (~0.8 nm). Clearly, with a 2D model, we cannot reproduce all of the 3D phenomena, 
for example, the lipid diffusion through the membrane’s surface. 
In addition, the molecular dynamics model presented here considers just the lipid bilayer and not 
the cytoskeleton and membrane proteins that certainly affect the mechanical properties of the cell. 
However, we carefully checked that our numerical simulations can qualitatively reproduce many 
real processes (self-assembly, bilayer, micelles, vesicles, etc.) that depend on the geometrical 
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features of molecules [37]. This method can be regarded as a good compromise between the 
computational cost and the accuracy of the mechanical analysis and allows a statistical analysis of 
results. After the bilayer formation, we replicate the structure to create a system size at will and 
set up the initial configuration (Figure 2a). The typical size of our system is on the order of 100 
nm. 
Modeling of the plasma membrane mechanical response. The mechanical properties of a 
material are often described by means of a mathematical relation linking the strain % (ratio between 
a displacement and a rest length) to the applied stress & (force per unit area). For an ideal linear 
material, the applied stress is given by & = ( ∙ %, where E is the Young’s modulus (see S4). The 
Young’s modulus E is a characteristic of the material, so it is an intensive parameter in the sense 
that it does not depend on extensive properties of the considered object (e.g., length and mass); 
however, membrane deformation is often described in terms of stiffness and applied forces [26, 
33, 37]. For example, the area stretch modulus KA (characterizing the rigidity of a membrane to 
traction force) and the bending stiffness Kbend (linking the curvature to the applied moment) are 
extensive parameters because they depend on the membrane’s length and thickness (see S5). We 
decided to calculate both intensive and extensive quantities. Since the cell membrane may undergo 
large deformation when in contact with nanostructures, the approximation of a linear material is 
no longer valid, and the membrane could also exhibit plastic behavior (hysteresis). In this case, the 
Young’s modulus can be interpreted as the derivative of the stress & with respect to the strain %, 
formally: 	∆& = ((&, %) ∙ ∆% 
More simply, extracting the strain-stress relation is a standard strategy for characterizing the elastic 
properties of a material. For that purpose, we simulated a cell membrane loaded by cylinders 
measuring the displacements and the applied forces, as shown in Figure 2a. 
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Figure 2. a) Snapshot of a simulated segment of membrane subject to a horizontal traction force F. Here, water 
is indicated in blue, hydrophilic heads in gray and hydrophobic tails in red. Inset: blow-up of the simulated 
system showing the molecular arrangement in detail. b) Coarse-grained model of water and the lipid molecule 
with a single bead for the hydrophilic head and five beads for the hydrophobic hydrocarbon tail. c) Strain-
stress curve showing three loading regimes: a thermally dominated regime (thermal noise larger than the 
applied stress), an elastic regime, and failure for F > 28 pN (corresponding to s > 9.2 MPa). 
Afterwards, we calculated the strain-stress curve through the classical Euler-Bernoulli beam model 
connecting the bending moment 	/0 to the deflection of the beam (the membrane) through the 
Young’s modulus E and a local linearization. 
 
In the simple case of pure traction, we calculate the stress-strain curve by applying a traction force 
to the edges of the membrane (Figure 2a) and estimating the ultimate tensile strength as the force 
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FTS we need to apply to break the membrane. After embedding two cylinders into the membrane 
segment, we keep one fixed, while the other one applies a force F along the positive direction of 
the x axis. The force is increased in steps ∆1 = 3.5	56 and kept constant for a time interval ∆7 =1.2	:;. During the step-wise increase in force, we monitored the strain % of the membrane, and we 
found that the membrane ruptures at 1 = 28	56 (corresponding to an ultimate tensile stress & =9.2	/>?). Therefore, the value 1@A = 28	56 represents the tensile strength of the membrane in 
the straight configuration.  
The longitudinal strain e xx is the ratio between the displacement Dsx and the rest length lx = 92 
nm. 
x
x
xx l
sD
=e  
The applied stress sxx here is simply the force on the membrane’s section: 
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The plot of the strain-stress curve (Figure 2c) clearly shows three loading regimes: 
• For 0 ≤ & ≤ 4.5	/>?, the stress does not significantly affect the strain. The membrane 
fluctuates, and the thermal noise overwhelms the effects of the applied force. 
• For 4.5	/>? < & < 9.2	/>?, the membrane responds elastically, and we estimate a 
Young’s modulus ( = 50	/>? by linear regression (blue dashed curve in Figure 2c). This 
value is in the range of experimental measurements [37]. 
• For & > 9.2	/>?, membrane rupture occurs. 
From Young’s modulus E, we calculate the area-stretch modulus GH = I∙HJKL ≈ 1.5	NO/NQ. As 
expected, KA and FTS are approximately two orders of magnitude smaller than the ones calculated 
for typical free biological cell membranes, which range from 100 − 250	NO/NQ [26, 37]. In fact, 
our system is representative of a longitudinal section of a three-dimensional membrane; thus, the 
domain’s depth must be taken into consideration. 
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Figure 3 Configuration of the membrane in response to a small (a) and high (b) deformation sy. c) Behavior of 
the estimated radius of curvature R as a function of the deformation sy. For sy > 35 nm, the radius of curvature 
R reaches the minimum Rmin, corresponding to the membrane wrapping around the pillar’s tip. d) Stress-strain 
curve showing the elastic and plastic regimes. 
In the following, we describe the calculation of the membrane bending stiffness Kbend. Previous 
approaches estimated Kbend by analyzing the height (spatial) fluctuation spectrum of a membrane 
[38, 39, 40, 41]. However, these methods present serious drawbacks due to the slow convergence 
of long wavelengths [32, 33] and assume a regime of small deformations. In contrast, a membrane 
in contact with nanopillars could be strongly deformed. For this reason, we studied the bending 
without invoking neither the hypothesis of small deformations nor the hypothesis of a linear 
material. Hence, the elastic parameters such as E and Kbend could depend on the strain. 
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We employed a simulation setup similar to the one already used in the literature [32]. A segment 
of membrane with free ends is pushed in the center through a nanopillar (with a hemispherical tip 
of radius rp~2 nm) moving upward and two immobile cylinders (Figure 3a, b) interacting just with 
the hydrophobic tails. The segment is free to flow under the lateral cylinders to avoid stretching 
and to study the mechanical response under pure bending. During the course of simulations, we 
measured the x and y components of the force on the cylinders and the pillar and the vertical 
displacement sy, and we estimate the local radius of curvature R as the best circle approximating 
the average membrane profile (Figure 3c). For small values of vertical displacement sy, R is 
independent on the pillar size, and it rapidly decreases reaching the plateau Rmin~4 nm at sy~35 nm 
(Figure 3c). The value Rmin represents the smallest possible radius of curvature considering the 
membrane thickness is ST ≈ 4.5	:N and corresponds to the membrane wrapping around the 
pillar’s tip. As explained in detail in S6 and S7, for a linear material, the stress & and the local 
radius of curvature R are both proportional to the bending moment /0. It is then possible to show 
that the stress-strain relation reads as:  &U = ( ∙ ST/2V = ( ∙ %UT 
where ST ≈ 4.5	nm is the average membrane thickness. Since both &U and the curvature strain %UT 
can be obtained from the simulations, even for a non-linear material, the Young’s modulus can be 
estimated as ( = ∆WL∆XLY.  
The stress-strain curve is reported in Figure 3d. Two distinct regimes, elastic and plastic, can be 
clearly identified. In fact, for values of curvature strain %UT < 0.3, the membrane responds 
elastically, while for %UT > 0.3, it is plastically deformed. This latter regime, characterized by a 
smaller Young’s modulus, suggests a hysteretic behavior. In fact, upon retraction of the nanopillar, 
the membrane does not return to its initial straight configuration, at least in the time interval 
available to our simulations. Each point in Figure 3d is obtained from a statistical average over ten 
different simulations. We fitted the points of the stress-strain curve (Figure 3d) with two lines, and 
we estimated the Young’s modulus for the elastic regime (ZK[\ = 600 ± 150 	/>? and plastic 
regime (_K[\ = 75 ± 25 	/>?. Not surprisingly, the value of (_K[\ is (considering the error) 
equal to the E calculated for the pure stretching, indicating that for %UT > 0.3, the bending 
corresponds to an effective stretching of the outer membrane monolayer. 
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As shown in S5, the relation GaZbc = IdQ ∙ STe allows us to estimate the bending stiffness in the 
elastic GaZbcZK[\ ≈ (4.5 ± 2.6) ∙ 10fdgO and plastic regime GaZbc_K[\ ≈ (0.57 ± 0.37) ∙ 10fdgO. The 
value of GaZbc_K[\h		is of the same order of magnitude of the ones	reported in literature [37], while GaZbcZK[\h		is one order of magnitude larger. This large value of GaZbcZK[\h	 can be attributed to the limits 
of our 2D modeling, which cannot correctly reproduce the interlayer diffusivity of lipid molecules. 
We stress that the estimation of GaZbcZK[\h	 is affected by a large uncertainty related to the dependency 
on the cube of membrane thickness ly (see S5) and the one related to Young’s modulus E.  
Membrane mechanical response to local curvature. In the following, we investigate how 
curvature and bending affect the ultimate tensile strength FTS. In fact, the edges of 3D 
nanostructures in contact with the cell membrane could be very sharp, and their sharpness is 
usually very difficult to control experimentally. The lipid bilayer can adhere to the nanopillar edge 
and, then, follow its curvature. Traction forces are on the order of 1 nN [18] and in principle too 
small to promote spontaneous rupture of membrane.  
What is the relation between the ultimate tensile strength FTS and the curvature? 
To clarify this point, we performed simulations by stretching and bending the membrane 
simultaneously. The three-cylinder configuration is shown in Figure 4a. Two cylinders (1 and 3) 
are embedded into the membrane, while cylinder 2 is kept fixed. Cylinder 3 applies a constant 
force F to the membrane along the positive direction of the x axis and lower than the membrane’s 
ultimate tensile strength, FTS = 28 pN. 
Cylinder 1 rotates the membrane around an axis passing through cylinder 2 and directed along z, 
imposing a curvature on the membrane. We found that the smaller F is, the higher is the curvature 
(the smaller R) needed to bring the membrane to the rupture, as reported in the snapshots of the 
system in Figure 4 a, b. In Figure 4c, the local radius R is plotted as a function of FTS; each value 
of R was obtained from a statistical average over ten different simulations. The behavior of the 
local radius of curvature R as a function of FTS clearly shows that even a tiny force can promote a 
rupture provided that R is small, i.e., the edge is sharp.  
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Figure 4 The three-cylinder simulation geometry used to calculate the effect of the local radius curvature R on 
the ultimate tensile strength FTS. Cylinder 3 applies a constant force F, and cylinder 1 rotates around cylinder 
2 (at rest) (a, b). A smaller value of F corresponds to a smaller R needed to bring the membrane to the rupture. 
The yellow shaded area suggests a possible configuration of the membrane in contact with a nanopillar. c) 
Behavior of the critical radius of curvature R as a function of FTS. d) Average distance between hydrophilic 
heads, dh-h, as a function of the bending radius R, as calculated in the segment where the membrane is bent. 
The blue dashed line is the equilibrium distance deq in the absence of bending, and the red dashed line shows 
the behavior of dh-h from an analytical model. Here, deq=0.83 nm, w=ly/2=2.25 nm. 
What is the reason for the curvature-induced membrane weakening? 
Figure 4d shows the variation in the average distance between hydrophilic heads, dh-h, as a function 
of the bending radius R, calculated only in the segment where the membrane is bent. In the absence 
of bending, dh-h=deq=0.83 nm (blue dashed line in Figure 4d), which is the equilibrium distance 
after the self-assembly process of the membrane (see S3). After the membrane is bent, dh-h deviates 
from the equilibrium and rapidly increases as the radius of curvature R decreases.  
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Let us consider an initially straight bar composed of n elements at distance deq and finite thickness ST (that is, the average thickness of the membrane). When the bar is bent, the distance dh-h between 
the elements of its upper surface (see inset in Figure 4d) increases following the relation djfj =kl KY/Qk dmn (the red dashed line shown in Figure 4d). The values of djfj versus V, calculated from 
the numerical simulations, follow approximately the theoretical red dashed line, suggesting that 
the membrane is effectively deformed like a bar composed of discrete elements. 
When dh-h increases, the membrane is brought out of its equilibrium distance deq, and the 
probability of nanopore formation increases as well. In this situation, traction forces further 
increase the probability of defect formation (lowering the activation energy for nanopore 
formation) and favor breakdown.  
Experimental investigation of permeabilization on sharp pillars. To confirm the effect of the 
edge on the cell membrane permeabilization, we fabricated two sets of pillars, denoted as “sharp” 
and “smooth”; the pillars had an identical pitch of 5 µm, comparable diameter of approximately 
2	µm, height of 2. 5	µm and 1 µm, respectively, and their most important difference was the edge 
sharpness, as reported in Figure 5a and 5b (see S1 for more details on the fabrication process). We 
estimated their radius of curvature as Rsharp~20 ± 5 nm for the sharp case and Rsmooth~250 ± 20 nm 
for the smooth one from the cross sections of the pillars, as shown in the inset of Figure 2a. 
Afterwards, we cultured NIH-3T3 cells on these arrays of pillars and administered the 
impermeable dye propidium iodide in solution together with the permeable calcein AM dye to 
verify the healthiness of the cells. Surprisingly and contrary to some previous literature results 
[26], we found that in the case of large but sharp pillars, the dye entered the cell body with a 
probability of approximately 70%, staining the cells red, as demonstrated by fluorescence images 
reported in Figure 5c (see SI for more details) maintaining their viability, confirmed by the green 
stained. These results have been acquired on 400 cells in 6 different cell cultures. In contrast, cells 
cultured on the smooth pillars showed no sign of dye internalization (no red color) and a green 
color indicating cell viability but no permeabilization (see Figure 5d). In this last case, the presence 
of shorter pillars ensures stronger adhesion with the substrate that, according to previous studies 
[26], is assumed to be one of the factors increasing the permeabilization probability. However, our 
fluorescence analysis of smooth pillars did not show such an increase, displaying permeabilization 
in very few cases that we have estimated to represent less than 10% (30 cells over 320 in 5 different 
cell cultures). 
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The radius of curvature of sharp pillars (Rsharp~20 ± 5 nm) falls in the range of values where, 
according to the simulation results reported in Figure 4c, we expect a significant decrease in tensile 
strength for rupture. This can explain the increase of permeabilization, as shown in Figure 5c by 
fluorescence images.  
For sake of clarity we remark that the novelty here is represented by the role of the sharp edge and 
not by a fine tuning of the aspect ratio. Similar findings were also recently observed by another 
group that studied plasmid transfection driven by cells interfacing with 3D nanostructures [30]. 
We consider these results of great importance in the field for two reasons: i) Cell membrane 
permeabilization is reported at pillar sizes where permeabilization is not theoretically expected 
[26]. ii) The comparison between sharp and smooth pillars highlights the importance of membrane 
curvature and its role as key player in the permeabilization processes.       
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Figure 5 a) SEM image of a “sharp” pillar with diameter of 2 qr, height of 2.5 qr. The inset highlights a cross 
section of the sharp edge, with an estimated radius of curvature of Rsharp~20 ± 5 nm (compare the approximating 
circle with the scale bar). b) SEM image of a “smooth” pillar with diameter of 2 qr, height of 1 qr. The 
estimated radius of curvature is Rsmooth~250 ± 20 nm. c) Fluorescence image of cells cultured on sharp pillars 
fabricated with spacing of 5 µm (green spots) and treated with both permeable calcein AM (green) and 
impermeable dye propidium iodide (red) administrated in solution. Most of the cells present green and red 
staining, with a permeability likelihood very close to 70%. d) Corresponding fluorescence image of cells 
cultured on smooth pillars and treated with the same dyes. In this case, only a limited number of cells contain 
propidium iodide and are hence stained in red, meaning that the cell membrane is successfully permeabilized 
in a few cases (see S2 for more details). A specific red staining is probably due to fraction of death cells and 
DNA dispersed in the cell culture. 
CONCLUSIONS 
In summary, we studied, through a 2D coarse-grained molecular dynamics model,  the mechanical 
behavior of a cell membrane interacting with micro- and nanopillars. To identify the stress-strain 
relations and the rupture conditions, we performed simulations of a lipid bilayer subjected to 
different loading conditions: longitudinal traction, pure bending and combined traction and 
bending. We have also proposed a simple mechanical model for estimating the main intensive 
elastic parameters, such as the Young’s modulus and the ultimate tensile stress, in a regime of 
large stress and deformation. Notably, we did not introduce any restrictive hypothesis on the 
constitutive relation for the membrane’s elasticity: actually, the stress-strain relation could be non-
linear. Moreover, we extracted the ultimate tensile loads from the simulations without postulating 
any value a priori. We found that the bending of a membrane is characterized by an elastic regime 
at low bending angles, followed by a plastic one at higher angles, namely, spatial configurations 
that are irreversible within the time window of the simulations.       
Importantly, the simulation shows that bending of the membrane (e.g., at the nanopillar’s edge) 
dramatically lowers the rupture force.  
To support these theoretical findings, we investigated experimentally the permeabilization of cells 
cultured on micropillars. Surprisingly, we found that spontaneous permeabilization events may 
occur on pillars of diameters in the micrometer range, which is much larger than previously 
observed. A comparison between cells cultured on pillars with a comparable aspect ratio but 
different sharpness at the edges suggests that the local curvature of the membrane could be 
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responsible for the strong increase in permeabilization, with a probability that increases from 10% 
in the smooth case to the 70% in the sharp case. 
 
Therefore, the simulation results suggest a direct interpretation of the experimental data. In 
principle, even step edges can cause local membrane disruption provided that they are sharp 
enough. 
The results obtained from our simulations could also be applied to the understanding of the 
internalization of substrate-free nanowires [42, 43], since cellular traction forces exist in that 
situation as well. In fact, the internalization process often starts at the sharp tip of nanowires, where 
the curvature is higher. 
In conclusion, local geometric features at the cell-substrate interface can dramatically affect cell 
permeabilization to a greater extent than the effect of the pillar aspect ratio and spacing. These 
results may provide important information for the field of biointerfaces and tissue engineering, 
offering valuable insight into designing devices for gene transfection, intracellular delivery and 
electrical recording.    
 
METHODS 
Simulation details. We performed Molecular Dynamics simulations of a lipid bilayer in water 
by using Langevin dynamics that allows to calculate not only the forces due to bending, but also 
to the thermal fluctuations. Periodic boundary conditions were imposed in all directions and the 
temperature was kept at 301.7 K by means of a Langevin thermostat applied to all particles.  
We assume the existence of three types of particles: “water-like” particles (w), hydrophilic 
“head” particles (h), and hydrophobic “tail” particles (t). A water molecule is approximated as a 
single “w” particle, while a lipid molecule is composed of one “h” particle and five “t” particles 
joined together by harmonic interactions. The three types of particles interact by means of 
Lennard-Jones potentials with the depth of the potential well stu = 6.94 ∙ 10fQdO, except for shh = 11.8 ∙ 10fQdO and vtu = v = 0.4456	:N, with v distance at which the inter-particle 
potential is 0 (see S3 for more details). All interactions are truncated at Vtuw = 2.5v, except for w-
t and h-t interactions where Vtuw = 2d/xv = 0.5:N, which makes the latter interactions repulsive.  
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When randomly dispersed in water, the lipids undergo a self-assembly process because of the 
assigned interactions, eventually forming (after t=10 ns) a lipid bilayer with thickness of ST ≈4.5:N and average distance between the hydrophilic heads yZz ≈ 0.83	:N. After the bilayer 
formation, we replicate the structure to create a system size of about 100 nm corresponding to a 
straight and stable membrane.  
The equilibrium curvature of the membrane can be predicted estimating the two-dimensional 
“Shape factor” [37], {| = }w/(?~ ∙ Sh), where }w is the area of hydrocarbon chains, ?~ is the head 
thickness, and Sh is the tail length.  In our case {| ≈ 1 and we have indeed a bilayer (see S3 for 
more details).  
All simulations have been executed using the LAMMPS package for large scale molecular 
dynamics simulations. Configurations were stored every 3 ps for further structural and dynamic 
analyses.  
Fabrication of pillars. For the fabrication of the silicon pillars arrays, we used first 
photolithography to pattern a chrome hard mask on a silicon wafer substrate and then dry etching 
to define the pillars in the silicon bulk using a customized multi-step process to control the shape 
of the pillars’ top edges (see S1 for technical details). 
The fabrication of the silicon pillar arrays has been done using a photolithographic chrome hard 
mask on a silicon wafer substrate. Silicon pillars have been fabricated by dry etching in an ICP-
RIE reactor (Sentech SI 500) using a customized multi-step silicon etching process based on 
SF6 and C4F8 gases. ICP source has been set at 1200 W, RF power at 20 Wand reactor pressure 
at 1.33 Pa.  
After dry etching, any residual of chrome has been removed using Chrome Etch 18. 
More details on the fabrication process can be found in the Supplementary Information (S1). 
 
Cell culture. The cells that appear in Figures 1 and 5 are NIH-3T3 plated with a density of 1,5x104 
cell/cm2 in DMEM complemented with 1% penicillin streptomycin antibiotics and 10% 
inactivated fetal bovine serum (FBS); cells are incubated at controlled temperature, humidity and 
CO2 concentration for 48h. A viability test has been performed and both calcein AM and propidium 
 18 
iodide (2µM) have been administer to the cultures (see S2 for more details). After 20 minutes of 
incubation, the samples have been washed three times with PBS and then analyzed through a 
fluorescence microscope.   
 
Cell imaging. Figures 1a and 1b are SEM images of a NIH-3T3 cell cross section. The cells have 
been fixed and stained using a recently implemented RO – T – O procedure [35] and samples have 
been infiltrated increasing concentration of resin in ethanol. The excess of resin has been removed 
prior to polymerization in order to allow the detection of the cells on the 3D nanostructures using 
SEM [35]. 
FIB/SEM cross section images have been made with a FEI Helios Nanolab 650 dual beam 
microscope. A 1µm layer of Pt has been deposited on the selected region by a Gas Injection System 
(GIS) integrated to the microscope before the cutting. An initial cut was made with a high current 
(9.3nA) of the ionic beam, and then a cleaning cross section was performed using a 0.79 nA ion 
current with a 30.0kV accelerating voltage. The imaging was made using the immersion mode of 
the microscope and backscattered electrons have been detected with TLD detector.   
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